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ABSTRACT 
Due to environmental impact legislation, refrigerants have evolved to include Hydro fluorocarbon’s (HFC) such 
as R134a and Hydrocarbon’s (HC) such as R600a. Obtaining material wear properties of these refrigerants used 
in mechanical applications is difficult due to high saturation pressure of the refrigerants. It is important to assess 
the in-use durability performance of these products from a sustainable development viewpoint. This paper 
responds to the need for bench testing of rolling contacts using the new generation refrigerants as lubricants. A 
novel pressurised chamber was designed to achieve a liquid state of the refrigerant as fluid for the rolling contact 
fatigue experiments. Design parameters such as mass properties, material selection criteria, three-dimensional 
stress finite element analysis and detailed design of the pressurised chamber are presented. A cooling system 
used to control the temperature and pressure of the pressurised chamber is described. A high-speed rotary 
tribometer was used for rolling contact fatigue tests. This paper also presents preliminary experimental study of 
the influence of the liquid refrigerant lubrication on rolling contact wear of the silicon nitride/steel elements. 
Preliminary investigations of the lubricated contact of silicon nitride rolling elements using the pressurised 
chamber reveal that wear rate is affected by the nature and geometry of the induced defect. 
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NOTATION 
W Solid volume 
S Surface 
Fb Force 
n Unit surface normal vector 
T Traction 
s stress 
C Linear elastic modulus 
e Infinitesimal strain 
eo Initial strain 
U Strain energy 
P Potential energy 
d Displacement 
D Material flexibility 
eT Thermal strain 
a Material coefficient for linear thermal expansion 
To Unstrained temperature 
v Poisson ratio 
 
ROLLING CONTACT WEAR IN CERAMIC ELEMENTS 
To study the wear performance of materials and lubricants in rolling contact many Rolling Contact Fatigue 
(RCF) test machines are in use.  Surface and subsurface initiated fatigue is observed during rolling contact, due 
to repeated loading. At critical number of fatigue cycles the break-up of material surface results in pitting or 
spalling. Generally, wear occurs either by mechanical or chemical means and has six principal, quite distinct 
phenomena that have one thing in common, removal of material from the rubbing surfaces, [1]. These types of 
wear mechanisms are adhesive wear, abrasive wear, fatigue wear, impact wear, corrosive wear, electrical-arc-
induced wear and fretting and fretting corrosion. Several investigators, prompted by increasing application of 
silicon nitride in bearing systems, have analysed wear and fatigue behaviour of these materials [2]. Investigations 
have shown that, except for very specialized conditions of load or local chemistry, solid or liquid lubrication is 
required to effectively utilize silicon nitride in wear applications. Dry, rolling wear rates on silicon nitride were 
measured by [3] and [4].  
 
ROLLING CONTACT FATIGUE TESTING METHODOLOGY 
 
MODIFIED FOUR BALL MACHINE 
This test configuration has three lower balls free to spin and revolve with an upper fixed ball. The lower three 
balls revolve in a cup that simulates the bearing outer race, while the upper ball represents the inner bearing race. 
The lower planetary balls representing the rolling elements within the bearing. Loading geometry for a modified 
four-ball machine is  shown in figure 1. This machine has been very useful in the study of RCF (Rolling Contact 
Fatigue) performance of materials subject to various tribological conditions. The influence of lubricants on steel 
ball RCF was evaluated using this machine [5], [6] and [7]. The Institute of Petroleum compiled numerous 
papers [8] that describe various test results, kinematics, ball dynamics using modified four ball machine. This 
machine has been used to study the RCF performance of hot pressed silicon nitride bearing materials [9] and 
[10]. Recently, a modified four-ball machine has been used to simulate the rolling contact in hybrid 
(ceramic/steel) rolling element bearings [11], [12], [13] and [14]. 
HIGH SPEED MICROPROCESSOR ROTARY TRIBOMETER 
Figure 2 shows TE92 Microprocessor Controlled Rotary Tribometer that offers facilities to run high and low 
load tests over a wide range of speeds, coupled with the latest control and instrumentation. The body of the 
machine is cylindrical steel fabrication inside which is located the test chamber, the loading piston and the drive 
spindle and the associated bearings. The lower race assembly is carried on the load piston. End load is applied to 
the piston by means of a loading arm mounted at the lower end of the cylindrical body.  
The equipment consists of a bench-mounting test and control interface. A microprocessor is connected to the 
controller interface. The core of the machine locates two rigid vertical columns, which ensures accurate 
positioning of a drive spindle with respect to the normal loading axis. 
 
ROLLING CONTACT FATIGUE TESTING WITH REFRIGERANT 
Refrigerants have evolved rapidly over the last decade due to sustainable development legislation [15] and [16]. 
Refrigerant lubrication has a direct affect on the durability of the rolling element bearings within industrial 
compressors. Therefore, the tribology of the refrigerants [HC Hydrocarbon, (R600a, CH(CH3)3,2 - Methyl 
Propane (Isobutane) and HFC tetrafluoroethane (CH2FCF3, HFC-134a)] used in industrial application systems 
must be studied. The refrigerant dissolved in the oil varies the lubricating properties, the extent of the variation 
depends on the environmental condition of the fluid i.e. pressure and temperature etc, especially for boundary 
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Figure 1. Loading Configuration of Modified 
Four-Ball Machine  
lubrication [17, 18]. The lubricants are easily deteriorated in the presence of refrigerant because the two react 
chemically [19, 20]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Komatsuzaki [21] used a four-ball tester to evaluate the Extreme Pressure (EP) properties of pure refrigerants 
and oil refrigerant mixtures. They found that R-134a in Polypropylene glycol gave higher rates of wear than R-
12 and R-22 in mineral oil. Although the HFC-134a had showed some capability of forming a fluoride layer on 
the sliding surface, it did not exhibit good lubricating quality. The reason for that is the condition for the HFC to 
form a protective layer during sliding is more severe than in the actual compressors [22]. The gas/liquid phase 
transition has a significant influence on the wear mechanisms of traditional lubricants and is therefore a useful 
experimental study [23]. 
 
TEST RIG MODIFICATION 
It was necessary to simulate actual operating condition for rolling contact hybrid ceramic-steel ball bearing with 
refrigerant as lubrication.  A novel pressurised chamber was designed and manufactured. Rolling contact hybrid 
ceramic -steel tests can be performed with refrigerant in liquid state without generating severe frictional heat. 
Test rig was fitted to the Rotary Tribometer with novel pressurised chamber. The pressurised chamber offers 
controlled conditions of temperature(s) and pressure(s). It is now possible to get saturated liquid state of the 
refrigerant as fluid at operating conditions by using the pressurised chamber. 
 
PRESSURISED CHAMBER DESIGN 
 
MATERIAL S ELECTION 
The material selection for the design of pressurized chamber was based on mechanical, thermal properties and, 
of course, price. Cast aluminium alloy was selected for the design and manufacture. The operating temperatures 
and pressures for the pressurised chamber are 35°C and 1 MPa respectively. The elastic limit of cast aluminium 
alloy is 280 MPa and tensile strength is 360 MPa. Poisson’s ratio and Young’s modulus are 0.36 and 88.5 GPa 
respectively. Thermal conductivity of the material is 220 W/m. °K, while thermal expansion is 24 mstrain/°K. 
 
A schematic of the pressurised chamber with rotary tribometer is shown in figure 3. A coiled copper tube is 
fitted on the surface of the pressurised chamber. The cooling liquid is circulated in the tube with the help of a 
peristaltic pump. The cooling circuit has a heat sink where the liquid is cooled down and re-circulated on the 
pressurised chamber surface. The detailed drawings and pictorial view of the pressurised chamber are shown in 
figures 4 and 5 respectively. Mass properties of the pressurised chamber are, mass = 152.6 gm, volume = 152.56 
cm3, surface area = 455.11 cm2 and centre of mass is (X = 0.04 mm, Y = 0.05 mm, Z = 20.83 mm). 
  
 
Figure 2. TE92 Microprocessor Controlled Rotary Tribometer 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FINITE ELEMENT STRESS AND THERMAL ANALYSIS  OF THE PRESSURISED CHAMBER  
Figure 6 shows a continuous three-dimensional elastic solid with a volume W  and surface S. Within the volume 
the solid experiences forces Fb. On the surface S displacement components are prescribed on a surface S1 and 
surface tractions T are prescribed on an area S2. To model three-dimensional linear elasticity Hook’s law is 
employed within an initial strain term. 
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Figure 3. Schematic of Rig for the High Speed Rotary Tribometer 
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Figure 5. Isometric View of the Pressurised 
Chamber 
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where the vector of stress components s and vector of infinitesimal strains components e are known. d is the 
displacement vector with components u, v, w in the x, y, z coordinate directions respectively. The matrix [C] is 
the linear elastic modulus matrix, and the vector {e0} is the initial strain due to non uniform temperature 
distributions. 
 
The strain energy for a three-dimensional linear elastic body is written as 
 ë û[ ]{ } ë û[ ]{ }( )ò
W
W-= dCCU 022
1
eeee  [2] 
where W  is the solid volume. To get the total potential energy of the system, energy attributable to the body 
forces and boundary forces is included. 
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where 
 { } ë ûTZYXbF =  [4] 
are the vector of body force components per unit volume, and the vector of surface traction components per unit 
area on portion S2 of the boundary is  
 { } ë ûTzTyTxTT =  [5] 
at equilibrium, the displacement filed ( )wvu ,,  in the body is such that the total system potential energy 
assumes a minimum value. 
 
By considering the equilibrium of an element volume and neglecting the vanishing body force as the volume 
diminishes in size, it can be shown that zyyzzxxzyxxy tttttt === ,, . Hence the six 
quantities xzxyzyx ttsss ,,,, , and yzt  completely describe the state of the stress at a point. 
 
 
 
 
 
 
 
 
 
The stress-strain equation including thermal effects for an isotropic solid may be given as 
 { } [ ]{ } { }TD ese +=  [6] 
where [ ]D  is the material flexibility matrix and { }Te is the thermal strain vector. The three-dimensional thermal 
strain may be written as 
 ë û ( ) ( ) ( )ë û0,0,0,0,0,0 TTTTTTT ---= aaae  [7] 
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Figure 6. Arbitrary 3-dimensional elastic solid with body forces 
and surface traction 
where a  is the material coeffic ient for linear thermal expansion and 0T  is the unstrained state reference 
temperature. The body stresses including thermal effects can be computed by solving equation [6], for the stress 
vector{ }s . The stress-strain law may be written as 
 { } [ ]{ } [ ]{ }TCC ees +=  [8] 
where [ ]C  is the material stiffness matrix. The thermal strains are given by the equations as  
 ë û ( ) ( )ë û000 TTTTT --= aae  [9] 
 ë û ( )( ) ( )( )ë û00101 TTvTTvT -+-+= aae  [10] 
equation [9] is plane stress while equation (10) is plane strain. Thermal effects may be included in finite element 
analysis elasticity problems by considering thermal strains as a vector of initial strains{ }0e . By using one of the 
variational principles and substituting initial strain { }0e  by thermal strain, equation [7], elasticity finite element 
analysis equation with thermal effects may be formulated. Total stresses in the body are calculated by equation 
[8]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The maximum internal temperature of the pressurised chamber during the following experiments was 30°C. The 
internal bulk temperature is measured by a thermocouple that is mounted inside the chamber. This temperature 
can also be recorded from the refrigerant saturation table at corresponding pressure as shown in the pressure 
gauge, during the tests . The internal pressure of the pressurised chamber for liquid R600a refrigerant is 3 bar 
Figure 7. FEA temperature model Figure 8. FEA section diagram of 
temperature model 
Figure 9. FEA stress model due to 
internal pressure  
 
Figure 10. FEA section diagram of 
stress model 
 
(maximum). Figure 7 shows FEA model of the temperature. Figure 8 shows a section of the geometric body 
shown in figure 7. The stress model is shown in figure 9 while the section diagram of the same model is shown 
in figure 10. 
 
PRELIMINARY EXPERIMENTAL RESULTS USING THE PRESSURISED CHAMBER 
During this test a novel pressurised chamber was used to maintain the liquid state of the refrigerant throughout 
the tests. The cooling system was employed to ensure lower operating pressures. Chamber was vacuumed to -1 
bar before pressurising with refrigerant. Maximum chamber pressure was 3 bar (gauge). Chamber temperature 
was 30°C (maximum). R600a was used in these tests. Rolling contact fatigue tests were performed by using 
High Speed Rolling Tribometer. The upper silicon ball was held by means of a collet into the drive shaft of the 
machine and brought into contact with three lower steel balls held together in a housing cup shown in figure 1. 
Silicon ball was ground and polished to 12.7 mm diameter. The elastic modulus and Poisson ratio of the ball are 
310 GPa and 0.28 respectively. The average roughness (Ra) of the silicon ball was 0.01mm. The steel ball was 
carbon chromium steel with 12.7 mm diameter and a surface roughness (Ra) of 0.02mm. The hardness of silicon 
ball was 1637 Hv and that of steel ball was 839 Hv. The housing cup with contact balls was then filled with 
pressurised refrigerant. Preliminary test results are shown in Table 1. 
Table 1. Test Programme for preliminary experiments 
Test 
Contact Stress 
(GPa) 
Time to failure 
Induced 
defect 
Shaft Speed 
(rpm) 
Fatigue Cycles 
A 3 2 hr 46 min C-crack 2000 3.32´105 
B 4 1 hr 33 min C-crack 2000 1.85´105 
C 5 1 hr 09 min C-crack 2000 1.42´105  
D 6 0 hr 42 min C-crack 2000 8.21´104 
 
SURFACE ANALYSIS  OF CERAMIC ROLLING ELEMENTS 
Figure 11 shows light micrograph of specimen A. The C-crack positioning is shown in this figure before test. 
Figure 12 shows result recorded at 2 hours and 46 minutes. The shaft speed was 2000 rpm and shaft load was 3 
GPa. Crack propagation of the original crack can be seen. There are secondary cracks which were initiated and 
their propagation resulted in a spall. The fatigue life results are shown in figure 15. 
  
 
 
 
 
 
 
 
Figure 13 showing light micrograph for specimen B. The maximum contact pressure in this test was 4 GPa with 
2000 rpm spindle speed and R600a as lubrication. The fatigue life of the specimen was recorded to be 1.85´105 
cycles while the time to failure was 1 hr 33 minutes. The secondary crack initiation and propagation in liquid 
refrigerant lubrication is an interesting mechanism of failure in rolling contact hybrid ceramic bearings.  
Figure 14 shows light micrograph for specimen D. The maximum contact pressure in this test was 6 GPa with 
2000 rpm spindle speed and R600a as lubrication. The fatigue life of the specimen was recorded to be 8.21´104 
cycles while the time to failure was 42 minutes.  
 
 
 
Figure 11. Light Micrograph showing C -crack 
positioning in the contact track  
Figure 12. Light Micrograph showing fatigue spall 
  
 
 
 
 
 
 
The secondary cracks initiate from the induced defect and propagate. This propagation eventually results in spall 
failure as shown in figure 14. The fatigue life performance of tested specimens vers us contact pressure is shown 
in figure 15. 
 
CONCLUSION 
1- Rolling hybrid (ceramic/steel) contact tests with sub cooled refrigerant lubrication are possible due to 
successful commissioning of the pressurised chamber and test rig modification of the Rotary Tribometer. 
2- To satisfy the boundary lubrication conditions saturated liquid state of the refrigerant must exist. 
3- Pre induced defect results in secondary crack initiation and propagation resulting in failure as spalling. 
4- Positioning of the crack in the contact track and vapour state of the refrigerant lubrication may influence 
fatigue life during rolling contact. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Comparison of Fatigue Life Performance at 
different contact pressure 
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Figure 13. Light Micrograph showing the propagation 
of secondary cracks 
Figure 14. Light Micrograph showing fatigue spall 
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